Abstract Experiments were conducted in a mesotrophic North German lake to examine the influence of metazoan zooplankton on the microbial food web. The presence and absence of Daphnia and Cyclops were manipulated in two cross-classified in situ experiments conducted in May and June 1994, during and after the clear-water phase. Ciliates had high population growth rates in the absence of predation during the clear-water phase, but had much lower growth rates 1 month later. Cyclops had strong predation effects on both Daphnia and ciliates. During the clear-water phase, manipulating metazooplankton abundance resulted in shifting the algal grazer community to either primarily metazoans or ciliates, but did not alter the final chlorophyll a concentration. After the clear-water phase, Cyclops had a negative effect on picoautotroph abundance, possibly due to reduced nutrient recycling resulting from the suppression of ciliates by Cyclops. Daphnia had both direct predation and indirect enhancement effects on bacteria, dependent on Daphnia biomass. These experiments indicate that while multiple strong links exist between the classic and microbial food webs, the net effect is not necessarily a clear trophic cascade from metazoan zooplankton to bacteria.
Introduction
The microbial components of aquatic food webs (bacteria, autotrophic picoplankton, heterotrophic and mixotrophic flagellates, and ciliates) can often be an important, and sometimes dominant, part of aquatic ecosystems. At the same time, a trophic cascade of predation effects, where increased planktivorous fish biomass results in reduced zooplankton, and increased phytoplankton, biomass, is often known to occur. However, it is not yet clear to what degree a trophic cascade links the microbial and classic aquatic food webs. This is despite well-documented, strong trophic links between individual components of these food webs. Metazoan zooplankton (metazooplankton) have been shown to impose strong predation pressure on heterotrophic flagellates and ciliates, in both freshwater and marine systems (Sanders and Wickham, 1993; Wiackowski et al, 1994; Wickham, 1995a) . Ciliates can be major heterotrophic flagellate grazers (Jonsson, 1986; Weisse et al, 1990; Kivi and Setala, 1995) , and many studies have documented the high rate of predation by flagellates, and more rarely, ciliates, on bacteria and other picoplankton (Sherr and Sherr, 1987; McManus and Fuhrman, 1988; Sanders et al., 1989; Bernard and Rassoulzadegan, 1990; Sherr et al., 1991; Simek etal, 1995; Stabell, 1996) .
Despite these metazooplankton-protist, ciliate-flagellate and protist-bacteria or protist-algae links, there is little evidence for a metazooplankton-protistbacteria trophic cascade. In field experiments, manipulation of Daphnia, copepod or fish abundance has not produced changes in bacterial abundance (Richardson et al, 1990; Pace and Funke, 1991; Gilbert, 1991, 1993; Pace and Vaque, 1994; Wickham, 1995b) . A notable exception was an enclosure experiment where increased Daphnia abundance did result in lower heterotrophic nanoflagellate (HNF), and higher bacterial, abundance (Jiirgens et ai, 1994) .
In order to examine some of the factors which might affect a trophic cascade from metazooplankton to bacteria, two in situ experiments were carried out where the abundance of metazooplankton was manipulated. The experiment was run twice, during critical periods, to examine the importance of temporal variability. The first experiment was run at the end of the clear-water phase, a clearly defined period in many lakes where, due to a large increase in Daphnia biomass and their grazing activity, water clarity increases as chlorophyll (Chi) a concentration declines sharply (Lampert et al, 1986; Sommer et ai, 1986) . The second experiment was run a month later, when Daphnia biomass had declined, Chi a had increased, and the phytoplankton community composition had changed. The presence and absence of both Daphnia galeata and the cyclopoid copepod Cyclops abyssorum were manipulated in a cross-classified design in order to examine both the potential direct and indirect impacts of metazooplankton. While Daphnia is capable of grazing all components of microbial food webs, from bacteria to ciliates, Cyclops preys selectively on small metazooplankton, ciliates, and some algae, selecting smaller metazooplankton over larger forms (Brandl and Fernando, 1975; Williamson, 1980; Adrian, 1991; Bern, 1994; Wickham, 1995a) . If a zooplankton-ciliate-flagellate-bacteria trophic cascade were to be seen, this would most likely occur in bottles with only Cyclops. This could be contrasted with the effects of a generalist grazer by examining bottles with only Daphnia. Finally, bottles with both Daphnia and Cyclops allowed examination of whether the single-predator effects were influenced by the presence of the other species. Bottles without either zooplankton provided both a control against which metazooplankton effects could be measured, and, by comparing beginning and end abundance, an estimate of protist growth potential in the absence of predation.
Method
The first experiment was run from 25 to 27 May 1994, the second from 29 June to 1 July 1994. Both experiments were run for 48 h, in order to limit such potential bottle effects as nutrient depletion or changes in species composition. Metazooplankton were first screened out from whole water samples, using a 55 um mesh net, to simplify the food web. There were four treatment combinations and 12 experimental units (neither Daphnia nor Cyclops, Daphnia alone, Cyclops alone, Daphnia + Cyclops, with three replicates per treatment combination). In the May experiment, four Chaoborus sp. larvae were found in one bottle, and because these were sufficient to potentially affect the outcome of the experiment, this bottle was excluded from the analysis. The experimental containers were 4.71 polycarbonate bottles, suspended at 2 m water depth. The experiments were begun by pumping water with a bilge pump from the 2 m depth, through a 55 um mesh net and into a 601 bucket. The experimental bottles were filled in a random order by immersing them in the bucket, and adding animals to the appropriate bottles. Sixty Cabyssorum were added to each Cyclops treatment and 60 D.galeata were added to each Daphnia treatment (both 12.8 ind. I" 1 ). Daphnia galeata were grown in culture with a non-limiting level of Scenedesmus as food, but had been previously isolated from the Schohsee. Cyclops abyssorum were collected from the Schohsee the day prior to the experiment. Only gravid females were used after their egg sacs had been removed, in order to have animals in the same life stage, sex, and roughly the same physiological condition, and to prevent reproduction during the experiment. Temperature and oxygen profiles of the lake at the point where the bottles were suspended were taken on the second day of the experiments. In the May experiment, the temperature was 15.9°C at the 2 m depth at which the bottles were incubated, while the temperature was 19.6°C at the midpoint of the June experiment. The bottles were above the thermocline in both experiments.
Three initial samples were taken for bacteria, flagellates, ciliates, nutrients and for metazooplankton that may have passed through the mesh by immersing three extra 4.7 1 bottles in the bucket in the same manner as for the experimental bottles. Initial and final samples were processed in the same manner. Bacteria and flagellates were preserved in 2% (final concentration) glutaraldehyde, then 3 ml subsamples were filtered onto 0.2 um pore size black polycarbonate membranes, stained with DAPI, and counted with an epifluorescence microscope (Porter and Feig, 1980) . Autotrophic flagellates were distinguished from heterotrophs by Chi autofluorescence. Ciliates were preserved in 5% Bouin's fixative, and 50 ml settled subsamples were counted in their entirety on an inverted microscope. Ciliates were identified using the Skibbe (1994) modification of the Montagnes and Lynn (1987) quantitative protargol stain. Chlorophyll a was measured spectrophotometrically, using ethanol extraction of samples filtered onto GF/F filters (Nusch and Palme, 1975) . Metazooplankton were enumerated by passing the remaining 3.11 through a 30 um mesh net, and preserving the retained zooplankton in sucrose-formaldehyde.
Data were analyzed in a two-way factorial ANOVA, using the JMP 2.0 [SAS (Statistical Analysis Systems) Institute] statistics package. Final Daphnia and Cyclops parameters (number, size and biomass) were also compared using a twoway factorial ANOVA (experiment X zooplankton species) to determine whether zooplankton parameters were equal across experiments, whether one zooplankter had an effect on the other, and whether these effects were experiment dependent. In these tests, only the treatments where the crustacean considered as the dependent variable was present were used in the tests (i.e. n = 12, with six experimental units per experiment). Daphnia and Cyclops sizes were converted to biomass using standard allometric equations (Dumont et al., 1975; Culver et al., 1985) .
In order to scale predator effects between treatments and experiments, population growth and mortality rates were calculated for ciliates and the rotifer Keratella cochlearis (the only metazooplankter to appear regularly in the samples). Growth rates were calculated as:
where N? and N t are the final and initial numbers of prey in containers without predators, and T is the duration of the experiment in days. Predator-induced death rates were calculated as:
where 7V P and N c are the final numbers of prey in the presence of predators and in controls without predators, respectively. This is equivalent to taking the difference in growth rates in containers with and without predators, assuming that initial prey densities are the same in all treatments.
Results
The May experiment took place during the spring clear-water phase, whereas the June experiment was run after the end of this period. Initial Chi a levels were 1.03 ug Chi a I" 1 in the first experiment and 2.41 ug Chi a I" 1 in the second experiment ( Figure 1 ). Initial nutrient levels (nitrate, nitrite, ammonium, total dissolved phosphorus) were similar in the two experiments, with the notable exception of nitrate. Nitrate levels were 40.0 ug N I" 1 at the beginning of the May experiment, but only 6.0 ug N I" 1 at the beginning of the June experiment (Figure 1 ). Both the increase in Chi a and the decrease in nitrate over this period are consistent with past observations of the phytoplankton and nutrient dynamics in the Schohsee (Lampert et al, 1986) . In the May experiment, the only dissolved nutrients that changed significantly from the beginning to the end of the experiment were NH 3 , which declined from 38.0 to 32.2 ug I" 1 (P = 0.03), and nitrite, which increased slightly, from 3.3 to 4.3 ug I" 1 (P = 0.012). In June, nitrate and total dissolved phosphorus declined over the 48 h of the experiment, while ammonium increased (P < 0.01). In both experiments, the experimental manipulations did not significantly alter the final dissolved nutrient levels (P > 0.1; Figure 1 ).
While initial Daphnia and Cyclops abundances were the same in both experiments (12.8 ind. I" 1 ), final Daphnia numbers and biomass at the end of the May experiment were <50% of the values at the end of the June experiment (P < 0.03; Figure 2 ). Initial Daphnia mean size and biomass were not significantly different between the two experiments (P > 0.38; Figure 2 ). In May, there was a decrease in Daphnia biomass from the beginning to the end of the experiment, and in treatments without Cyclops a strong decline in average Daphnia size, suggesting that survivorship of adult Daphnia in May was poor ( Figure 2 ). In June, there was an increase in biomass in the absence of Cyclops and a much smaller decline in average Daphnia size. Daphnia biomass was low in the May experiment (46 and 109 ug I" 1 , in treatments with and without Cyclops, respectively; Figure 2 ), but in June, end Daphnia biomass was higher (181 and 280 ug I" 1 in treatments with and without Cyclops, respectively), as was mean Daphnia size in treatments without Cyclops (0.95 mm in May, but 1.23 mm in June), indicative of better adult survivorship in June than in May.
The presence or absence of one crustacean zooplankter had effects on the other. Daphnia abundance in both experiments was reduced in the presence of Cyclops {P = 0.017; Figure 2 ) and this effect was independent of the experiment in which it occurred (P = 0.74). Daphnia mean size at the end of the experiments was greater in the presence of Cyclops (P = 0.021) and this effect was also experiment independent (P = 0.31). The net effect of Cyclops in both experiments of shifting the Daphnia population towards fewer individuals with a greater mean size was a non-significant trend towards decreased Daphnia biomass compared to Daphnia in no-Cyclops treatments (mean decrease 42%, P -0.077; Figure in Daphnia biomass due to Cyclops was not different in the two experiments (P = 0.65). Daphnia presence or absence also had effects on Cyclops. When Daphnia was present, the mean Cyclops size was less (P = 0.005), and there was a near significant increase in the number of Cyclops found at the end of the experiment (P = 0.064; Figure 2 ). Both effects were independent of the experiment in which they took place (P > 0.10). Because Cyclops were more abundant, but on average smaller, in the presence of Daphnia, the difference in Cyclops biomass was not significant (P -0.20; Figure 2 ), and this was not different between the two experiments (P = 0.61).
The May experiment was characterized by strong Cyclops effects, weak Daphnia effects, and high ciliate growth rates. The ciliate community was made up of eight species, of which only two, a 46 X 36 urn Strombidium sp. and a 28 um diameter Halteria sp., were present at densities of >1 cell ml" at the end of the experiment. The total, initial ciliate density was 3.7 cells ml" 1 . Both ciliate species exhibited high growth rates in the absence of metazooplankton, and by the end of the experiment there were 8.4 Halteria ml" 1 and 4.9 Strombidium ml" 1 in treatments without Daphnia or Cyclops (Figure 3 ). The only metazooplankter that passed through the mesh when the bottles were filled, and subsequently found consistently in any of the treatments, was the rotifer K.cochlearis.
In the absence of metazoan predators, Halteria in particular displayed a remarkably high growth rate. Over the 2 day period of the experiment, Halteria grew at a rate of 0.92 day 1 , close to the maximal rates observed in laboratory culture (personal observation). At the final Halteria abundance in bottles without crustaceans, this is equivalent to a finite growth rate of 12 ug C I" 1 day 1 , using Wickham and Gilbert's (1993) estimation of Halteria carbon content. Strombidium sp. grew more slowly (0.35 day 1 in bottles without crustaceans), and while it was larger than Halteria, its finite carbon content rate of increase was considerably less than that of Halteria (5 ug C I" 1 day 1 ). The two abundant ciliates and Keratella had similar responses to the addition of metazooplankton. There were -50% fewer of both ciliate species in treatments with Cyclops, compared to treatments without Cyclops (P < 0.004; Figure 3) . The Cyclops-imposed death rate on the two ciliates was somewhat higher for the larger species, Strombidium (0.353 day 1 ), than for Halteria (0.289 day 1 ). Conversely, Daphnia had no effect on either ciliate or Keratella (P > 0.49; Figure  3 ). There was also no interaction between the effects of the two crustaceans on the ciliates (P > 0.37). The presence of Cyclops also resulted in an overall 75% reduction in Keratella numbers, equivalent to a death rate of 1.11 day 1 (P = 0.0001; Figure 3 ). There was a tendency for the Cyclops effect to be greater when Daphnia was absent than when it was present (P = 0.057).
In contrast to the May experiment, in June the experimental manipulations produced both strong Daphnia and Cyclops effects, but low ciliate growth rates. The ciliate community was more diverse than a month earlier, with a total of 12 species, but only six species had final densities high enough to count accurately. In addition to Halteria and the small Strombidium species present in the first experiment, there was a larger (65 X 48 um) Strombidium sp., as well as Histiobalantium sp. (50 X 44 um), Urotricha sp. (30 X 20 um) and two Askenasia species: A.stellaris and the mixotrophic A.volvox (both 38 X 32 um, and counted as a single group in settled samples). All these species were also present in the first experiment, but at densities too low to ascertain their abundance accurately (<0.1 ind. ml-1 ). Initial total ciliate numbers were 5.5 cells ml" 1 , -50% higher than in the first experiment. In the June experiment, the presence of Daphnia produced significant reductions in all six ciliate species, as compared to treatments without Daphnia (P < 0.037; Figure 3 ). The lowest Daphnia-'mduced death rates were found for the smallest species, Halteria, Askenasia and Urotricha (0.10, 0.30 and 0.33 day 1 ). The highest Daphnia-induced death rate was found for the large (65 X 48 um) Strombidium sp. (0.93 day 1 ). Cyclops also produced significant reductions in ciliate numbers, as compared with treatments without Cyclops (Figure 3) . The sole exception was the smallest ciliate, Urotricha (Urotricha: P = 0.32; all other ciliates: P < 0.015). There was a strong positive correlation between ciliate size and the Cyc/ops-imposed death rate (Spearman rank correlation = 0.94, n = 6). The lowest death rates were found for the smallest species (Halteria and Urotricha, 0.12 and 0.09 day 1 , respectively), and the highest for the larger Strombidium sp. (1.22 day 1 ). The Cyc/o/w-induced death rate was greater than the Dap/ima-induced death rate for only the large Strombidium sp. and Keratella. The smaller species suffered higher death rates from Daphnia than from Cyclops.
In the June experiment, the amount of reduction in ciliate abundance in the presence of Cyclops was strongly influenced by the presence of Daphnia. Askenasia, the large Strombidium sp. and Histiobalantium, there was a greater difference between Cyclops and no-Cyclops treatments when Daphnia was absent, as compared to treatments where Daphnia was present (P < 0.05; Figure  3 ). This difference was also striking for Keratella, where the reduction was from 8.3 to 0.4 ind. I" 1 in the absence of Daphnia, but from 5.8 to 1.9 ind. I" 1 in the presence of Daphnia. For the small Strombidium, the interaction was not significant (P = 0.076), but the trend was similar. However, for the two smallest ciliate species, Halteria and Urotricha, the Cyclops and Daphnia effects were independent of one another (P > 0.5; Figure 3 ). 
The final Chi concentration was higher in the June experiment as compared to the May experiment (2.56 versus 0.34 ug Chi a H). In both experiments, neither
Daphnia nor Cyclops affected Chi levels, and there was no interaction between the two factors (P > 0.12; Figure 1 ). In the May experiment, treatments with Daphnia had 0.11 ug Chi a I" 1 less than treatments without Daphnia, but variance was high enough, and sensitivity low enough, that only a difference of at least 0.25 ug Chi a I" 1 would be declared significant at a = 0.05. However, the mean final Chi a concentration across treatments in May declined substantially from initial values (from 1.03 to 0.34 ug Chi a I" 1 ), and initial values were well above the 95% CI of the overall mean, final Chi concentration. In contrast to the May experiment, in June the mean Chi a levels rose slightly over the course of the experiment (from 2.41 to 2.57 jig Chi a I" 1 ). As in May, the experimental manipulations in June did not significantly change final Chi concentrations. There was 0.61 ug Chi a I" 1 less in treatments with, compared to those without, Daphnia, but only a difference of at least 0.81 ug Chi a I" 1 would be declared significant at a = 0.05. There was also a Synechococcus-like picoautotroph present. In the May experiment, picoautotroph abundance was slightly higher in the presence of Cyclops, and slightly lower in the presence of Daphnia, but neither of these differences were significant (P > 0.28). Picoautotroph abundance was approximately an order of magnitude greater in the June experiment as compared to a month earlier (Figure 4 ). In the June experiment, there were 40% fewer picoautotrophs when Cyclops was present, as compared to when it was absent (P = 0.056; Figure 4 ). While this difference was not significant at a = 0.05, a difference that was 3% larger would have been declared significant. Because it was unexpected that Cyclops would have a direct effect on picoplankton, final picoplanktonic algal abundance was fit to final ciliate abundance in an ANCOVA design, to separate possible ciliate-picoplankton effects independently of the experiment in which they occurred. There was a strong positive regression between ciliate and picoplanktonic algal abundance, but only in the June experiment ( Figure 5 ). In the May experiment, picoplanktonic algal abundance was independent of ciliate abundance (ciliate effect: P = 0.002; ciliate by experiment interaction: P = 0.003; ANCOVA R 2 = 0.84). Picoplanktonic algal abundance was independent of Daphnia biomass, both in the ANOVA analysis (P > 0.33), and in an ANCOVA similar to the ciliate-picoplanktonic algae ANCOVA (Daphnia biomass effect: P = 0.83; Daphnia by experiment interaction: P = 0.60; ANCOVA R 2 = 0.76). Neither autotrophic nor heterotrophic flagellates displayed consistent patterns in response to the manipulations in either experiment. Heterotrophic flagellate abundance was <3.5 X 10 3 HNF ml" 1 , and showed small declines in treatments with Daphnia compared to those without (Figure 4) . However, neither the Daphnia nor Cyclops effects were significant, nor were the interactions, in either experiment (P > 0.13).
Overall bacterial numbers were somewhat higher in the May, as compared to the June, experiment (mean final abundance, May: 7.16 X 10 6 bacteria ml" 1 ; June: 5.54 X 10 6 bacteria ml" 1 ). Bacteria, in contrast to flagellates, did respond to the manipulations, but in a manner that was dependent on both Daphnia and Cyclops. In the May experiment, neither main effect was significant (P > 0.45), but there was a significant interaction between the two effects (P = 0.028; Figure  4 ). When Cyclops was absent, the presence of Daphnia enhanced bacterial abundance by 13% compared to no-Daphnia, no-Cyclops treatments (P = 0.044 in a post hoc Mest). However, when Cyclops was present, there was no difference in treatments with or without Daphnia (P = 0.19; experiment-wise error rate for both comparisons together: P = 0.068). In June, there was a weak trend towards a reduction in bacterial numbers in the presence of Daphnia, but only when Cyclops was absent (P = 0.09; Figure 4 ). There was, however, a significant negative correlation between June Daphnia biomass and bacterial abundance (R 2 = 0.67, using only treatments where Daphnia had been added).
Discussion
The results of these experiments suggest that the direct predation links between the classic and microbial food webs are offset by indirect links, through nutrient regeneration or suppression of alternate predators, making a trophic cascade difficult to observe. The clearest direct link was between crustacean zooplankton and ciliates, consistent with previous in situ work showing the ability of both Daphnia and copepods to suppress ciliates (Pace and Funke, 1991; Wickham and Gilbert, 1991; Pace and Vaque\ 1994; Wickham, 1995b) . Beyond ciliates, there was little evidence for a trophic cascade. Neither nanoplanktonic autotrophs nor heterotrophs were enhanced by the removal of crustacean zooplankton, due at least in part to the replacement of metazoan grazers by ciliate grazers. The only evidence of a trophic cascade came from the June experiment, where the presence of Cyclops and Daphnia resulted in more bacteria than with Daphnia alone (Figure 4) . A month earlier, conditions (Daphnia biomass, protist abundance and community composition, and nutrient levels) were sufficiently different that the same experimental manipulations did not produce similar results. The evidence from the present study suggests that while there are distinct links between the classic and microbial food webs, it cannot be assumed that changes in zooplankton abundance will be transmitted through a trophic cascade to the microbial food web.
The impact of Cyclops on ciliates is known to be influenced by both the size and the species of ciliate (Wickham, 1995a) , and this was also the case in these experiments. While some ciliates appear to have defenses against cyclopoid predation (Williamson, 1980; Wickham, 1995a) , size was a good predictor of the Cyclops predation rate in the June experiment. Among species without defenses, the selectivity of Cyclops for ciliates is the reverse of that seen for metazoans, where the selection is for smaller forms (Brandl and Fernando, 1975; Gliwicz and Umana, 1994) .
The presence of alternate prey also influenced the impact of Cyclops on ciliates. The two species present in both experiments, Halteria and the small Strombidium, suffered much higher Cyclops-imposed death rates in May than in June, when more Daphnia were available as alternate prey (58 and 32% higher death rates, respectively). In the June experiments, there was stronger suppression by Cyclops when Daphnia was absent for the three largest species (the larger Strombidium, Histiobalantium and Askenasia), a similar but weaker trend for the smaller Strombidium, and no interaction between Cyclops and Daphnia effects for the smallest two species (Figure 3) . Not only does Cyclops prey more heavily on larger ciliates, but larger species suffer disproportionately more predation when alternate prey is not abundant.
The differences between Daphnia mean size and biomass in treatments with, and without, Cyclops are consistent with cyclopoids' known preference for smaller, over larger, Daphnia (Gliwicz and Umana, 1994) . This explains the relative increase in Daphnia mean size when Cyclops was present, as smaller Daphnia were preyed upon. The smaller impact of Cyclops on Keratella when Daphnia was present is also consistent with Cyclops switching from Keratella to Daphnia as preferred prey. The shift in Cyclops size towards smaller individuals in treatments with Daphnia is evidence that the cannibalism in Cabyssorum documented by van den Bosch and Santer (1993) was also moderated by the presence of Daphnia. Larger Cyclops ate smaller Cyclops, but only when Daphnia were absent. Cladocerans and copepods are at the large end of the Cyclops prey-size distribution, while ciliates are at the small end. However, how many of each prey group are consumed is a function not only of the size of the prey, but also its relative abundance.
Previous work has found strong suppression of ciliates by Daphnia, making the lack of a Daphnia effect on ciliates in the May experiment unexpected (Pace and Funke, 1991; Gilbert, 1991,1993; Pace and Vaque\ 1994) . However, Daphnia growth and survivorship in the May experiment were poor, with a decline in abundance, biomass and mean size, even in the absence of Cyclops (Figure 2 ). It is possible that the lack of a Daphnia effect on ciliates in May was due to the poor physiological condition of Daphnia resulting from the shift to low food levels. Lampert et al (1986) found that during the clear-water phase, Daphnia showed clear signs of nutrient limitation, and this is likely to have contributed to the poor Daphnia survivorship in May. In the June experiment, where final Daphnia biomass was much higher, Daphnia suppressed all the ciliates present, with a weak positive correlation between the £>ap/m/a-imposed death rate and ciliate size in the June experiment (Spearman rank correlation = 0.77, n = 6). This is a trend opposite to that found by Jack and Gilbert (1993) . However, most of the ciliates in the June experiment were smaller than those used by Jack and Gilbert, and two of the smaller species (Halteria and Askenasia) had jumping responses (personal observation), which may have reduced their vulnerability to Daphnia predation.
Despite the rapid growth of ciliates during the May experiment, and despite the presence of Daphnia in only half the bottles, Chi a values were remarkably consistent across treatments. There were only small, non-significant declines in both experiments due to Daphnia, and no differences due to Cyclops or interactions between the crustaceans (Figure 1 ). In June, this can be explained by the predominance of ribn-edible algae known to occur in the Schohsee after the clearwater phase (Lampert et al, 1986) , and lower nutrient levels preventing a rapid algal response to the removal of metazooplankton. There was, however, in May a sharp decline in Chi from the beginning to the end of the experiment, during a period where phytoplankton were dominated by edible forms. Nutrient levels did not decline significantly over the May experiment, making nutrient depletion over the course of the experiment an unlikely explanation (Figure 1 ). In the May experiment, final Daphnia biomass even in bottles without Cyclops was <20% of what has been reported for the Schohsee at this time of year (Lampert et al., 1986) . Because Daphnia grazing has been shown to cause the clear-water phase (Lampert et al., 1986) , the expectation was that there would be an increase in chlorophyll, as a response to this release from predation pressure. There was instead a large increase in Halteria and Strombidium abundance, particularly in treatments without Cyclops (Figure 3) . If a 40% growth efficiency is assumed (Jonsson, 1986) , then by the end of the experiment, the two ciliates in the noCyclops treatments were consuming -40 ug C H day 1 to support their observed rate of growth. Lampert et al. (1986; Figure 6, 24 and 31 May) found primary production for this period to be between 1.2 and 2.9 ug C I" 1 h" 1 for the <10 um fraction at 2 m depth, and between 1.8 and 5.1 ug C I" 1 h" 1 for the <35 um fraction at 2 m depth. If it is assumed that these rates of primary production were maintained for the entire daylight period (16 h at this time of year), then ciliates were consuming between 85 and 210% of the <10 um fraction of daily primary production, and between 50 and 140% of the <35 um fraction by the end of the experiment. There are a number of assumptions behind these estimates: ciliate carbon contents and growth efficiency, equivalence of primary production in this study and the Lampert et al. (1986) study, hourly primary production estimates extended to the entire daylight period. However, the grazing estimates of between 50 and 210% of daily primary production are equivalent to ciliate grazing rates of between 1.6 and 6.7 ul ciliate" 1 h" 1 , which are within the range of grazing rates recorded for ciliates (Jonsson, 1986; Bernard and Rassoulzadegan, 1993) . Oligotrich ciliates have their maximal grazing rates when grazing particles in the 2-10 um range, a size range that is also efficiently grazed by Daphnia (Fenchel, 1980; Jonsson, 1986; Bern, 1994) . Thus, in May, the net effect of the experimental manipulations on the nanoautotrophs was to replace a metazoan community with a ciliate community with a similar grazing impact.
While adult cyclopoids are able to ingest algae (mostly diatoms and some flagellates: Adrian, 1991; Santer, 1993; Sanders etai, 1994) , it is unlikely that the lower picoautotroph abundance in the presence of Cyclops during the June experiment was due to direct predation by Cyclops. However, there was a significant, positive relationship between final picoautotroph and total ciliate abundance, but only in the June experiment ( Figure 5 ). In June, picoautotrophs were much more abundant, and nitrate levels much lower, than in May. A similar Daphnia biomass experiment by ANCOVA did not produce a significant correlation between Daphnia biomass and picoautotroph abundance, suggesting that it was not Cyclops effects on Daphnia which produced the effect on picoautotrophs {Daphnia effect: P = 0.97). Ciliates have been shown to be important nutrient remineralizers in oligotrophic waters (Ferrier-Pages and Rassoulzadegan, 1994a,b) . The Cyclops-induced decrease in ciliate abundance may have resulted in reduced nutrient recycling, and therefore slower picoautotroph growth rates. Nitrate and total dissolved phosphorus levels declined over the course of the experiment, increasing the importance of nutrient recycling within the bottles, compared to the lake. While there is only indirect evidence, the positive correlation between ciliate and picoautotroph abundance in June suggests that the Cyclops effect on picoautotrophs was mediated by ciliates, through reduced nutrient regeneration resulting from reduced ciliate abundance.
The net effects of the experimental manipulations on bacteria over the two experiments were contradictory. In the May experiment, there was a significant interaction between Daphnia and Cyclops effects on bacteria, with higher bacterial abundance in treatments with Daphnia alone than with both Daphnia and Cyclops, or with neither metazoan (Figure 4 ). Thus, Daphnia had a positive effect on bacterial abundance. In June, the interaction was weak (P = 0.09), but there was a negative correlation between Daphnia biomass and bacterial abundance (R 2 = 0.67). Previous work has shown Daphnia to have both predation and nutrient regeneration or trophic cascade effects on bacteria. Direct predation by Daphnia or other cladocerans on bacteria appears to be important only at high cladoceran densities (Giide, 1988; Vaqu6 and Pace, 1992; Markosovd and Jezek, 1993) . At moderate Daphnia densities, both nutrient regeneration effects and a trophic cascade through HNF to bacteria have been observed (Giide, 1988; Jiirgens et al., 1994) . The Jurgens et al. (1994) study, which found that the addition of Daphnia resulted in lower HNF, and higher bacteria, abundance, was also conducted in the Schohsee during the clear-water phase. Daphnia biomass in that experiment was -235 ug per Daphnia H, between the Daphnia biomass in the treatments with only Daphnia, and the treatments with Daphnia plus Cyclops in the June experiment, and above all the Daphnia densities in the May experiment (Figure 2 ). An explanation consistent with the varying effects of Daphnia on bacteria in both this and previous studies is that Daphnia's net effect goes from indirect enhancement to direct suppression over a fairly narrow Daphnia biomass range.
These experiments illustrate the changing dynamics of metazooplankton effects on microbial food webs. Between the two experiments, there were large changes in ciliate growth rates and species composition, as well as large changes in Daphnia's impact on ciliate abundance. The large difference in ciliate growth rates in the absence of predators in the May and June experiments suggests that the ciliate community was primarily under top-down control in May, but under bottom-up control in June. In May, removal of metazooplankton resulted in increased ciliate, rather than algal, biomass. In June, but not in May, there was a negative effect on picoautotrophs that was possibly coupled to the negative effect of Cyclops on ciliates, and the positive correlation between ciliate and picoautotroph abundance. Daphnia had a positive effect on bacteria in May, but a weakly negative effect in June. These rapidly changing dynamics and multiple pathways between trophic groups suggest that a trophic cascade from metazooplankton to the microbial food web will not be commonly observed.
